(filter_fq) that follows three main parameters: (1) elimination of reads with adaptors, 174
(2) removal of reads with unidentified nucleotides larger than 5%, (3) elimination of 175 low-quality reads (if the percentage of the low-quality value (Q ≤ 10) reads are higher 176 than 20%, they are removed). For de novo transcriptome assembly, clean reads of each 177 library were assembled into contigs and unigenes by the FPKM signifies the expression of Unigene A, C is the number of fragments that 203 uniquely aligned to Unigene A, N is the total number of fragments that uniquely aligned 204 to all unigenes, and L is the base number in the CDS of Unigene A. As we obtained 205 FPKM values for each unigene, we calculated FPKM ratios between two samples at a 206 time. We defined differentially expressed genes (DEGs) to have a FPKM ratio ≥ 2 and 207 a false discovery rate (FDR) ≤ 0.001. We executed GO functional analysis (P-value ≤ 208 0.05), including GO functional enrichment and functional classification on DEGs. 209 Furthermore, we carried out the KEGG pathway analysis (Q-value ≤ 0.05) for pathway 210 enrichment to further understand biological functions [20] . 211 212
Identification of pathogen-associated DEGs 213
We identified our DEGs through transcriptome data obtained from pathogen-inoculated 214 wheat leaves. However, we needed to eliminate any possible contaminating sequences 215 from the host. To accomplish this, we constructed a local database (named 'The 216
Pucciniale database') by merging protein data of Puccinia striiformis f. sp. tritici 217 (isolate 2K41-Yr9, race PST-78), Puccinia graminis f. sp. tritici (strain CRL 75-36-218 700-3, race SCCL), and Puccinia triticina (isolate 1-1, race 1-bbbd). All protein data 219 was obtained from the Broad Institute Puccinia website 220 (http://www.broadinstitute.org/). We also merged protein data of the WheatD genome 221 of Aegilops tauschii (wheatD_final_43150.gff.cds, downloaded from GIGA_DB 222 'http://gigadb.org/') [21] to 'The Pucciniale database'. We performed a BlastX analysis 223 (e-value cut-off ≤ e -10 ) on DEGs using our local database of Pucciniale and wheat [22] . 224
If the hit matched with the wheat proteome or even if it produced a significant hit with 225 the Pucciniale proteome, we discarded the sequences following the decision rule. The 226 best hits within the Pucciniale proteome were evaluated as PstDEGs. The sequences 227 with no significant hits against neither the pathogen nor host were assessed as unknown 228 novel DEGs. 229 230
Construction and characterization of secretome data 231
We predicted the ORFs and protein sequences from the PstDEG data using the 232
ORFPredictor web tool (http://bioinformatics.ysu.edu/tools/OrfPredictor.html). We 233 followed a widely accepted secretome prediction pipeline to construct our own 234 differentially expressed secretome database [6, 23, 24]. The predictions were made 235 following three criteria: 1) presence of N-terminus signal peptide region, 2) absence of 236 transmembrane helices, and 3) mature protein length should be smaller than 300 amino 237 acids. SignalP (version 4.1) was used to predict the presence of a secretion signal [25] . Table S3 . 266 267
Cloning of Unigene17495 (Pstg10917) 268
The cloning primers were designed using the Pstg10917 sequence with an N-terminus 269 CACC site in forward primers (with and without signal peptide (SP)) and no stop codon 270 in reverse primers (Table S4 ). Total RNA samples of infected Avocet-S leaves (10 dpi) 271 used in transcriptome sequencing were sourced to synthesize cDNA after DNase 272 treatment. The Transcriptor First Strand cDNA Synthesis Kit (Roche) was used 273 following the manufacturer's protocol, except that we preferred using a mixture of both 274 random hexamer primers and oligo(dT) primers at equal volumes to the reaction primer. 275
The effector of interest, with and without SP, was amplified from cDNA, cloned into 276 15 0.00001). Overall, 26,843 of 61,105 unigenes, corresponding to 43.9%, were annotated 339 in one or more databases (Table 3 ). The detailed annotation results are listed in Table  340 S1. The NR database provided the highest number of annotations. Approximately half 341 of the annotated unigenes shared high similarity (>60%) and aligned to either Pst genes 342 (41.4%) or genes of other fungal species (Fig 2) . The results of COG classification and 343 GO functional annotation of the unigenes are presented in Fig S2 . 344 345
Discovery of differentially expressed unigenes (DEGs) 346
We used the FRKM (RPKM) method [19] to determine DEGs between compatible and 347 incompatible interactions. We identified 10,550 DEGs with a false discovery rate 348 (FDR) of less than 0.001, and an expression difference of at least two-fold (Fig 3) . 349
350
We mapped the DEGs to our custom database constructed by merging the pathogen 351 and host genomes. Local Blastx analysis (e-value < 0.00001) revealed that 6,220 of the 352 DEGs aligned best to the Pucciniales genome and 2,880 of the DEGs aligned best to 353 the wheat genome. The remaining DEGs yielded no significant homology to either the 354 pathogen or the host; hence, they are considered to be unknown novel DEGs. The 6,220 355
Pst-mapped DEGs (PstDEGs) were selected as the differentially expressed, pathogen-356 associated candidate genes to proceed with for secretome analysis. 357
358
The identified PstDEGs were subjected to Blast2GO analysis to elucidate their 359 functional classification (Table S2) . A graphical view of the molecular functions and 360 biological processes of the PstDEGs is displayed in Fig 4. We were able to annotate the 361 majority (75.8%) of PstDEGs with their corresponding functional classification. The 16 binding activity (61.07%) attributes were practically equal in the Blast2GO level 2 364 analysis (Gene Ontology (GO) specificity increases as the "level" of the analysis gets 365 higher). During level 3 analysis of the PstDEGs, we observed that the proteins with 366 catalytic activity belonged to the hydrolase, transferase, and oxidoreductase categories 367 ( Fig 4A) . The Blast2GO analysis illustrates that the pathogen undergoes radical 368 changes during disease progression. A large number of PstDEGs (6,220 genes 369 compared to the total predicted protein number of Pst genes which is over 20,000) were 370 sorted into various categories of biological processes ( Fig 4B) . Therefore, we wanted 371 to determine the number of PstDEGs that sorted as enzymes. In total, we cataloged 372 1,824 PstDEGs as enzymes. Among them, hydrolases were the most common, followed 373 by transferases and oxidoreductases ( Fig 4C) . 374 375
Identification and characterization of the differentially expressed secretome 376
We made use of a previously constructed pipeline defined and validated by several 377 research groups (6, 23, 24). We extracted the secretome repertoire of 230 small-secreted 378 proteins of Puccinia striiformis, which are referred to as PstDESSPs, by selecting all 379 of the differentially expressed genes identified in our transcriptome data (6,220 380 differentially expressed genes (DEGs)). We identified other small-secreted proteins by 381 applying the same pipeline on all of the available genome sequences of Puccinia 382 species: Pst, Pgt, and Ptt (http://www.broadinstitute.org/). We then compared all of the 383 identified secretomes in a method similar to that used in the study published by Xia et 384 al., 2017 [10]. Among 230 small secreted proteins, 94 were predicted as effectors using 385 'Effector 2.0' software, and were then classified as Pst-Small Secreted Candidate 386 Effectors (PstSSCEs) ( Fig 5A) . The percentage of PstDESSPs within the data set of all 387 differentially expressed genes was 3.7% (230 out of 6,220). This ratio appeared 388 significantly smaller when compared to the hypothetical prediction of small secreted 389 proteins within PST-78 (6.5%, 1,332 out of 20,482) and the other Pucciniale genomes. 390 Therefore, we concluded that the number of actively involved small secreted proteins 391 at 10 dpi is indeed much lower than what was hypothetically expected. This indicates 392 that the hypothetical number of PstDESSPs can be exaggerated when obtained using 393 only transcriptome predictions from genome sequences. 394 395 Certain types of gene functions are useful for the fungus in pathogen-host interactions, 396
including Carbohydrate-Active Enzymes (CAZymes), proteases, peroxidases, and 397 lipases. The PstDESSPs were compared against several distinguished public databases 398 (MEROPs, dbCAN, LED, fPoxDB) in order to predict their functions. We identified 4 399 proteases and protease inhibitors, 4 CAZymes, 11 lipases, and 9 peroxidases among the 400 PstDESSPs ( Fig 5B) . We searched the Pathogen-Host Interaction (PHI) database to 401 predict the virulence attribute of each PstDESSP based on their sequence similarity. A 402 total of 24 of the PstDESSPs exhibited significant similarity to at least one entry in the 403 PHI database. For example, Unigene31938 (Pstg04010) had a predicted 'copper-zinc 404 superoxide dismutase' domain match with PHI383 (C. albicans) and PHI6412 (P. 405 striiformis) (Table S3 ). Although the level of similarity barely exceeded the cutoff 406 value, both of these entries have a superoxide dismutase domain. PHI6412 (PsSOD1) 407 has been reported to increase the resistance of the pathogen against host-derived 408 oxidative stress [42] . The results suggest that all of the PstDESSPs that matched with 409 entries in the PHI database are worthy enough of further exploration employing in vivo 410 systems. Hence, a comparison against multiple databases provides a better way to 411 discover CSEPs and understand the importance of the PstDESSPs in Table S3 . [45], we examined the PstDESSPs in terms of cysteine possession. We identified 64 450 cysteine-rich small-secreted effector proteins (SCEPs) that have four or more cysteine 451 amino acid residues in their mature protein length (not including the N-terminal signal 452 peptide) (Table S5) . 453
454
To find the most promising subset of candidate effectors, we focused on the PstDESSPs 455 that produced positive results in the EffectorP analysis, had cysteine residue counts of 456 more than three, and had homologous matches within the previously mentioned reports 457 (HESPs, IESPs, and HSPs). A total of 14 PstDESSPs met all five criteria and were 458 defined as reliable CSEPs for further investigations (Fig 5D) . A more detailed 459 description of the features of the 14 CSEPs is provided in Table 4 . concluded that Unigene17495 (Pstg_10917) without SP, was able to partially suppress 500 programmed cell death triggered by the INF1 elicitor (Fig 7) . We need to emphasize 501 that not all attempts produced equal levels of cell death suppression. Although the 502 expression of the effector was verified by microscope analysis at 2 dpi for all of the 503 leaves, 6 out of the 15 leaves revealed no detectable suppression of INF1-induced cell 504 death. Fisher's exact test calculated a P-value of 0.0007 for the findings, and thus the 505 results were significant (P < 0.05). Together, these data show that Pstg10917ΔSP-GFP 506 
